ABSTRACT: Low cost, high efficiency photovoltaic can help accelerate the adoption of solar energy. Using tapered indium phosphide nanopillars grown on a silicon substrate, we demonstrate a single nanopillar photovoltaic exhibiting illumination angle insensitive response. The photovoltaic employs a novel regrown core−shell p-i-n junction to improve device performance by eliminating shunt current paths, resulting in a high V OC of 0.534 V and a power conversion efficiency of 19.6%. Enhanced broadband light absorption is also demonstrated over a wide spectral range of 400−800 nm.
T he III−V compound semiconductor nanowires have been under investigation due to their reduced material consumption while maintaining excellent light absorption. 1 Lowering cost while sustaining the III−V efficiency advantage necessitates the growth of defect-free nanowire solar cells directly on cheaper foreign substrates, 2−5 such as crystalline silicon or polysilicon, both workhorses in large scale photovoltaics. Unfortunately, lattice mismatch constrains the dimensions of coherent axial nanowire growth of III−V materials on dissimilar substrates, using conventional methods such as the vapor−liquid−solid technique and other catalyst assisted techniques. 1, 6 Demonstrations of efficient device operation and light absorption beyond ray optics limitations, while important, have been limited to expensive native substrates, where axial growth has been radially scaled, often requiring additional surface treatment to reduce dark current. 7−11 Promising work with lattice mismatched substrates has been achieved by first growing a very thin (∼100−200 nm) axial nanowire template and overgrowing in the radial growth mode at very different growth temperatures or different precursor flow rates. 4, 5, 12, 13 The literature indicates that it is quite challenging to obtain a good interface and lattice match with radial overgrowth. 4, 12 The growth rate of the shell layer and the dependence of crystal phase on growth conditions can also be major constraints. 13 We have introduced a novel purely core−shell growth technique to grow monolithic micro/nanopillars in the Wurtzite phase with morphologies as diverse as GaAs on Sapphire (46% lattice mismatch), 14 (Al,In)GaAs on Si (4−6% lattice mismatch), 15 and InP on poly-and monocrystalline Si (8% lattice mismatch). 16, 17 Horizontal termination of defects at the pillar base leads to a pristine Wurtzite phase in the nanopillar body. 18 In situ dopant incorporation can be used to define a core−shell p-i-n junction and heterostructures, which is advantageous both in terms of carrier collection as well as surface passivation. Additionally, with increasing growth time the structures can be scaled to even 1 μm in diameter and 4 μm in height, representing a two-orders of magnitude reduced surface−volume ratio compared to conventionally sized nanowires with a diameter around 100 nm. This results in a greatly reduced surface recombination current for the core− shell structure.
In this paper, we demonstrate a single-crystalline indium phosphide (InP) nanopillar solar cell directly grown and fabricated on a silicon substrate with a an open circuit voltage (V OC ) of 0.534 V under Air Mass 1.5 Global (AM 1.5 G) illumination at room temperature. To the best of our knowledge, this is the highest V OC ever achieved for InP or GaAs nanowire/pillar solar cell grown on any foreign substrate. This high V OC can be attributed to the high-quality singlecrystalline InP nanopillars grown using a novel regrowth technique to drastically reduce the dark current to sub-fA/μm levels, which is 6 orders of magnitude lower than the level of solar illumination. The tapered nanopillar sidewalls and an interesting dielectric antenna enhancement additionally allow the absorption to surpass ray optics limitations. 5, 7, 19, 20 Another consequence is that the output current of the solar cell shows a very weak dependence on incident light angle. This makes the (a) Schematics of the junctions in core−shell nanopillars (left) and axial nanowires (right) with the exposed surfaces highlighted. The exposure of the depletion region to surface dangling bonds is especially harmful in terms of dark recombination current, and it can be seen that the situation is much more severe for thinner axial structures grown on non-native substrates than it is for the scalable core−shell structure from a simple analysis of what fraction of the junction surface is exposed. Schematic (b) and scanning electron micrograph (c) of single InP nanopillar solar cell fabricated on silicon substrate. solar cell insensitive to the position of the sun throughout the day and seasonal changes, reducing the need of a tracking system and the cost associated with solar output fluctuation, which lowers the levelized cost of energy by ∼20%. 21 Furthermore, we present a unique tapered micropillar whose enhanced absorption with a dielectric antenna enhancement effect leads to insensitivity to angle of illumination. Together with cheaper growth substrate, less material usage, illumination angle insensitive response and the potential for high conversion efficiency, InP nanopillar solar cells are a promising path for reaching grid parity. Efficient photovoltaics built on a silicon substrate can also be used as on-chip power plants, enabling many exciting emerging applications such as environmental and biomedical sensors, retinal prosthesis 22 and optical power transfer. 23 Material Growth and Fabrication. The efficiency of a solar cell depends strongly on its open circuit voltage, V OC , which in turn depends on the ratio of short circuit current I SC to dark current I D . The former depends on the product of optical absorption (converting photons to electron−hole pairs) and the collection of electrons and holes at the contacts as current. On the other hand, the dark current is proportional to defect density and surface recombination rate. Here, excellent material quality using a regrown core−shell p-i-n junction leads to a drastically increased I SC /I D and V OC .
The fabrication of the solar cell begins with the catalyst-free synthesis of wurtzite phase InP nanopillars via metal−organic chemical vapor deposition (MOCVD) on (111) silicon substrate at a low growth temperature of 450°C.
14−18 The nanopillars grow in a unique core−shell growth mode, allowing us to demonstrate the growth of single crystalline phase, high quality material with size scalable to microns without being subjected to the nanowire critical diameter limit. 6 As the growth is in core−shell mode, radial p-i-n junction is easily formed by flowing dopants during the growth sequence. Compared to an axial junction, a core−shell p-i-n junction has two advantages: (1) a much reduced air-exposed surface area of the junction, which minimizes dark current due to defects or surface states, and (2) carrier extraction is more efficient with a reduced length at which carriers have to travel to get to the contacts. 24 The surface recombination rate for different p-i-n junction geometries on the same material system can be compared via the ratios of exposed surface to absorption volume for these structures. Surface exposure of the depletion region in a p-i-n junction is particularly unfavorable in terms of nonradiative recombination and leads to a dark recombination current of with an ideality factor of 2. 26 The most detrimental surfaces have been highlighted in red in Figure 1a . We see that the surface to volume ratio for a core−shell structure with small taper angle, can be estimated as
whereas for an axial junction a much larger fraction of the active volume is surface exposed
This estimation shows that the surface to volume ratio is on the order of 10 2 times higher for an axial geometry, leading to a high surface recombination current for thinner nanowires grown on lattice mismatched substrates. Including diffusion lengths in the calculation does not alter this conclusion. The absorption volume in a core−shell structure can be large without compromising on surface exposure. This geometry is then a natural choice to approach bulklike performance parameters with nano/microscale structures.
A p-i-n junction formed by the core−shell nanopillar growth method using one continuous growth, however, still suffers from significant dark current due to a shunt path to the substrate, which is illustrated in Figure 2a . To circumvent this problem, we performed a secondary growth (i.e., regrowth) to place the p-i-n junction on the top portion of a p-doped nanopillar and, hence, eliminating the shunt path. This regrowth process is schematically shown in Figure 2b . Regrowth was done by masking the bottom portion of an already grown p-type nanopillar with thin layers of silicon dioxide (SiO 2 ) and amorphous silicon prior to regrowth. Amorphous silicon was found to be critical to the regrowth process as it shortens the diffusion lengths of the growth precursor adatoms on the growth mask to aid thin film like deposition on the nanopillar sidewalls. More details on the preparation steps can be found in the nanopillar growth section in the Supporting Information. With regrowth, the size and location of the p-i-n junction can be controlled precisely along the length of the nanopillar. This added control and the elimination of shunt current path allow us to dramatically improve the device dark current characteristic by 6 orders of magnitude (Supporting Information Figure 3 ). Figure 2c shows the before and after regrowth scanning electron micrographs, showing the smooth sidewalls of a regrown nanopillar as a sign of excellent regrowth material quality. Indeed, when examined under a high-resolution transmission electron microscope (HR-TEM) (Figure 2d ), the regrown junction exhibits high crystal quality over large examined sections along the length of the nanopillar, suggesting that the regrown material is virtually free of stacking dislocations. Our previous material studies also showed bright photoluminescence, greater than 1 eV Fermi level split at one sun condition, 25 and fast radiative recombination lifetime of ∼300 ps at 4 K from these nanopillars. 27 When the regrowth process is completed, a typical nanopillar has a natural vertically tapered shape with an upper and lower diameter of 650 and 900 nm, respectively, and a junction length of 5.5 μm. This natural nanopillar shape produces a unique dielectric antenna effect that is further enhanced by the tapered sidewalls, facilitating enhanced absorption over a broad spectrum, which is discussed in the next section.
After regrowth, the outer n-doped layer of a single nanopillar was electrically contacted via electron beam lithography and angled Ti/Au (7 nm/150 nm) metal evaporation. The p-core contact was formed on the backside of the p-doped silicon substrate. The schematic and SEM image of such a fabricated device are shown in Figure 1 . In this case, because we use thick, nontransparent metal as the n-contact on the nanopillar, less than half of the nanopillar is exposed for surface normal light capturing. Efficiency calculation is therefore normalized to the actual exposed junction area of the nanopillar, following the same method used in ref 5 . More details on how the exposed area is defined can be found in Methods in the Supporting Information. In the future, the exposed area can be increased with the use of transparent electrodes, such as indium tin oxide (ITO), which has been successfully demonstrated to form good electrical contacts to InP nanowires.
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Nano Letters , or 0.1 fA μm −2 found by fitting the IV curve, which to the best of our knowledge is the lowest for a nanowire or nanopillar based device. This low dark current is a testament of the excellent quality of the regrowth material, device design, and fabrication process. When illuminated by AM 1.5 G solar spectrum, the solar cell showed an open circuit voltage (V OC ) of 0.534 V, a short circuit current (I SC ) of 96.0 pA, and a fill factor of 48.2%. Normalizing I SC to the projected exposed area yields a short circuit current density (J SC ) of 76.3 mA cm −2 . This is more than a factor of 2 higher than the J SC of 32.2 mA cm −2 predicted by Shockley−Queisser limit for a planar solar cell. In principle, normalizing to the projected area could lead to a large error given that any tiny tilt to the device under test could result in a large variation in the projected area. However, we found a very weak angular dependence in the solar cell measurements that makes our efficiency calculation quite resilient to error. Even a 5°deviation of solar incident angle results in merely a 1.1% change in the I SC ; the angular insensitivity of the device makes the measurement tolerant to angular error. The more than twice higher J SC is a result of the nanopillar antenna effect that makes the effective optical capture cross section larger than the physical cross section of the nanopillar. The power conversion efficiency of the single pillar device from the above figures of merit comes to 19.6%.
When the solar cell is cooled to a lower temperature, the V OC increases monotonically and reaches 0.7 V at −100°C ( Figure  3c ). The V OC extrapolated to absolute zero following this trend is 0.94 V, which is a value substantially lower than the absorber band gap of 1.42 eV. Additionally, the p-doping level of the InP core was found to be rather low at 5 × 10 15 cm −3 from a 4-point probe measurement (see Supporting Information, Section VII). Because of the low doping level, the core is expected to be depleted almost all the way to the root of the nanopillar. In that case, interfacial recombination at the type-II InP−silicon interface is a major nonradiative recombination pathway, which has a lower activation energy than the bandgap of the absorber.
35−37 This is consistent with the extrapolated V OC being 0.94 eV instead of the absorber bandgap. Essentially, with a voltage penalty of 0.406 V from the extrapolated V OC and a temperature coefficient for the V OC of only 1.35 mV/K the device behaves as a good solar cell but with a lower bandgap. The effective bandgap corresponds to the type-II gap between silicon and InP at the interface, which acts as a heterostructure barrier. 36 Approaches to achieve a better device performance would require the elimination of interfacial recombination, potentially by increasing the doping near the nanopillar base so that the minority carriers are isolated from the interface. Solutions could involve switching to an n-core pshell design or modifying the growth conditions for better in situ Zn incorporation. A higher doping in the core of the pillar would also prevent nonradiative recombination at the horizontally terminated defects near the base of the pillar, which were described in prior work. 18 Figure 4a shows the external quantum efficiency (EQE) as a function of wavelength for the solar cell under direct, top-down illumination. Absorption enhancement effect can be clearly seen, as evidenced by the EQE value of 200−400% for the wavelength range of 400−800 nm. This suggests a dielectric antenna effect enhancing photon absorption over a broad wavelength range. The antenna enhancement effect allows efficient coupling of light into the resonator modes of the nanopillar, 28, 29 allowing broadband, full solar spectrum absorption enhancement observed in the EQE data. The EQE data also shows insignificant absorption for wavelengths between 870 and 1100 nm, the band gap wavelengths of wurtzite phase InP and silicon, respectively, indicating that absorption in the silicon substrate does not contribute to the solar cell efficiency. The photocurrent map displayed in Figure  4b , generated by scanning a 2.4 μm wide 660 nm laser beam across the nanopillar solar cell, also reveals negligible photocurrent contribution from the silicon substrate. The spot size of 2.4 μm was measured separately using a knife-edge method. 30, 31 As highlighted by the blue outline in Figure 4b , the resulting photocurrent spot has a full-width at halfmaximum of ∼2.3 μm, which is simply the width of the excitation laser beam. This result proves that the photocurrent measured indeed comes solely from carriers generated within the InP nanopillar, as photocurrent was collected only when the laser spot was shone directly onto the nanopillar solar cell.
The dielectric antenna effect is evident in the I−V measurements of the solar cell at different illumination angles made onto the uncovered side of the nanopillar. As shown in Figure 5a ,b, both measured V OC and I SC increase as the incidence angle increases (angle defined in the inset of Figure  5a ). Although the increase in V OC and I SC are expected because the capture area of the solar cell increases with incidence angle, however, the amount of change is unexpectedly small. Instead of simply scaling proportionally to the capture area of the solar cell, the I SC was found to increase by only a factor of 2.9 despite a calculated 33 times increase in solar cell exposed capture area. This rather angle insensitive photovoltaic output is the result of the dielectric antenna effect enhancing optical absorption for near on-axis illumination, 29 which can be clearly seen in the J SC plot in Figure 5c . The tapered sidewalls of the nanopillar also create a much stronger and tighter focusing effect for near onaxis illumination compared to nontapered nanopillars, allowing for much greater absorption enhancement for near on-axis illumination that would not have otherwise experienced with nontapered nanopillars. 32 Thus, the resulting much more pronounced enhancement effect for near on-axis illumination and the subsequent leveling off of this enhancement effect at higher incident angles compensate nicely for the change in the physical capture cross-section of the nanopillar solar cell, giving rise to its angle insensitive response. With further optimization on the taper angle and dimensions of the nanopillar, it is possible to create a nanopillar solar cell that is completely angle insensitive. Hence, it is clear that the antenna effect not only improves the solar cell performance but also enables illumination angle insensitive response. This allows solar cells made with tapered nanopillars to have reliable and steady power output without the need of expensive solar tracking system to adjust for sunlight angle of illumination changes during the day and throughout seasons.
Simulation of the solar cell structure with finite-difference time-domain modeling confirms our experimental results of enhancement due to dielectric antenna. Figure 6a shows the simulated I SC as a function of incident angle, coplotted against the change in capture area. Again, the simulated I SC changes much slowly and differently than the capture area of the solar cell. The simulated J SC plot displayed in Figure 6b also confirms the antenna enhancement effect favoring near on-axis illumination as the source of the insensitive angular response. Although the enhancement effect for the micron-sized nanopillars is somewhat smaller compared to that of nanowires with deep subwavelength diameter, 5 the resulting lower surfaceto-volume ratio reduces the impact of surface recombination, which is especially detrimental to the efficiency of III−V nanowire solar cells. 9, 10 The antenna enhancement effect also makes the absorption cross-section appear bigger than the physical capture cross-section, allowing sparsely populated nanopillar array to absorb almost all of the incident sunlight. The simulation data plotted in Figure 6c clearly supports this claim with two InP nanopillar arrays absorbing 90% of the solar spectrum with merely 17% of the solar cell volume filled with nanopillars. And with the tapered sidewalls of the nanopillar creating more leaky resonator modes compared to nontapered The spatial full width half-maximum of both the photocurrent scan distribution (outlined in blue) and the focused laser spot (separately measured using a knife-edge method 30, 31 ) were found to be ∼2.4 um, confirming that the InP pillar is the light absorber. If the silicon were to absorb significantly, the photocurrent scan spot size would be substantially larger due to the diffusion of carriers from across the substrate to the device p−n junction. Experimentally measured short circuit current I SC (red) shows angle insensitive response as it increased by a factor of 2.9 despite a 33-fold calculated increase in device capture area (blue) as the illumination angle was changed from 0°to 80°. (c) The short circuit current density J SC reveals a tapered antenna enhancement effect that compensates for the change in capture cross-section as the angle of illumination is changed. nanopillar, 33, 34 light can be more readily coupled into the nanopillar body. 32 Thus, compared to nanopillar arrays with vertical sidewalls (red trace in Figure 6c ), tapered nanopillar arrays (blue trace in Figure 6c ) display higher light absorption at 95% (versus 90% by the nontapered nanopillar arrays), even when both arrays have the same 17% volume fill ratio. Therefore, solar cell efficiency can be further improved with tapered nanopillars.
Conclusion.
In conclusion, we have demonstrated a single InP nanopillar solar cell grown on a silicon substrate with a high 0.534 V V OC . The solar cell displays absorption enhancement at a factor of 200−400%, as observed from the external quantum efficiency, when illuminated top-down due to a novel tapered antenna effect. As a result of the enhancement and antenna effect, the solar cell output exhibits an interesting angle insensitive to photovoltaic characteristics, making it well-suited for low cost or no tracking system to adjust for sun ray directionality during the day and seasonal shifts. The tapered sidewalls and enhancement effect also allow sparsely packed nanopillar array to absorb almost all the sunlight, further reducing material cost of the solar cell. As a potentially highly efficient, incident angle insensitive solar cell grown on low cost silicon substrate, InP nanopillar solar cell can potentially be a game changer in making solar energy more affordable and widely deployed.
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